The presence of an active transport system for glucose-i-phosphate in Agrobacterium tumefaciens was demonstrated from the following observations. (i) The bacterium could grow on a medium containing glucose-i-phosphate as carbon source; (ii) the entry of glucose-l-phosphate into the resting cells occurred against concentration gradient obeying Michaelis-Menten kinetics; and (iii) the entry reaction was energy-dependent. The transport system for glucose-i-phosphate was formed inducibly by growing the organism on a glucose-i-phosphate or sucrose medium. From the inhibition and kinetics studies it was found that the transport system had a high specificity for glucose-i-phosphate with a high affinity, Km, value of 4.5 X 10-6 M at pH 8.2. The existence of glucose-i-phosphate binding factor was proved in the shock fluid which was prepared from the cells grown on both glucose-i-phosphate and sucrose media by osmotic shock.
It had been generally assumed that phosphorylated compounds could not pass through cell wall and membrane barriers of microorganisms. Recently, the existence of inducible active transport systems for the entrance of glucose-6-phosphate and L-a-glycerophosphate into Escherichia coli was demonstrated (1, 6, 10, 12) . In the previous paper, the conversion of glucose-Iphosphate to 3-ketoglucose-1-phosphate by the resting cells of Agrobacterium tumefaciens was reported, and the existence of a transport system for the entrance of glucose-i-phosphate was suggested (3) .
In this paper, we show evidence for an active transport of glucose-i-phosphate into the cells of A. tumefaciens and also show the existence of a glucose-i-phosphate binding factor in the shock fluid prepared from both glucose-I-phosphate and sucrose-grown cells by applying the osmotic shock technique (I1).
MATERIALS AND METHODS Chemicals. Glucose-l-phosphate disodium salt tetrahydrate and uniformly labeled 1C-a-D-glucose-lphosphate dipotass:um salt (10.3 mc/mmole) were purchased frcm C. F. Boehringer and Soehne, GmbH, Mannheim, Germany, and Calbiochem, Los Angeles, Calif., respectively.
3-Ketoglucose-l-phosphate was prepared in this laboratory by the method presented in the previous paper (3) . Other chemicals used here were commercial products.
Microorganism and cultivation. Unless otherwise stated, a strain of plant tumor-inducing bacterium, A.
tumefaciens IAM-1525 (a wild-type strain which was sensitive to streptomycin and fermented glucose, sucrose, and glucose-i-phosphate) was used in this study. A mutant strain M-25, streptomycin-resistant, unable to ferment glucose-l-phosphate but possessing glucose-i-phosphate permease, which was isolated in our laboratory (S. Fukui, untpiiblished data) from the wild-type strain by treatment with N-methyl-N-nitro-N'-nitrosoguanidine, was used in a few experiments. Standard culture medium had the following composition: (NH4)2SO4, 100 mg; urea, 50 mg; NaCl, 20 mg; MgSO4-7H20, 20 mg; CaCI2-H20, 10 mg; FeSO4-7H20, 2.5 mg; 1.0 M phosphate buffer (pH 7.0), 5 .0 ml; and carbon source, 2 g (succinate, sucrose, or glucose-i-phosphate) in 100 ml. In some cases, a yeast extract medium containing 1 .0 g of yeast extract (Difco) and 5.0 ml of 1.0 M phosphate buffer (pH 7.0) in 100 ml was employed. Cultivation was carried out at 27 C with shaking on a reciprocal shaker. The bacterial growth was followed by nephelometry. The extract was separated to components by paper electrophoresis (Toyo-filter paper, no. 51A, 15 v/cm for 2 hr) in a buffer system of 0.04 M sodium tetraborate; a fraction of glucose-i-phosphate was extracted with distilled water, and its radioactivity was determined. From the radioactivity measured, an amount of glucose-i-phosphate was calculated. The glucose-i-phosphate fraction obtained above gave a single radioactive spot having the same RF value as that of authentic glucose-i-phosphate on paper chromatography with a solvent system of acetoneacetic acid-water (4.0:1.2:1.0). To calculate an intracellular concentration of glucose-I-phosphate, the content of intracellular water of the bacterium, 0.9 ml per g of dry cells (4), was assumed.
Measurement of glucose-i-phosphate binding activity. To prove the existence of glucose-l-phosphate binding factor in the shock fluid, the equilibrium dialysis technique was employed as follows. An 0.5-ml amount of the shock fluid was placed in a cellophane bag (cellulose tubing, 6 mm in diameter, Visking Co.) and dialyzed against 20 ml of 5 X 10-7 M radioactive glucose-l-phosphate (1.02 X 107 counts per min per Amole) in 3.0 mm Tris-chloride buffer (pH 8.2) containing 2 mg of chloramphenicol for 3 days at 2 C with gentle stirring. After dialysis, radioactivity of the shock fluid in the bag was measured. In a control experiment in which 0.5 ml of 3.0 mM Tris-chloride buffer (pH 8.2) was placed in the bag, 3 days were required to reach an equilibrium between the concentrations of glucose-l-phosphate in the exterior and interior to the bag. When nonphosphorylated sugar such as glucose or sucrose took the place of glucose-l-phosphate, it took approximately 6 hr to reach an equilibrium under the same conditions as above. During dialysis, no degradation of glucose-lphosphate by the shock fluid prepared here was observed.
Binding activity was also examined by the equilibrium gel-filtration method as described below. A 1-ml amount of the reaction mixture contained: radioactive glucose-l-phosphate, 100 pmoles (1.0 X 10-7 M); Tris-chloride buffer (pH 8.2), 3 Mmoles (3.0 mM); and 0.1 ml of the shock fluid having an optical density 0.1 to 0.3 per cm at 280 nm. The reaction was started by addition of the shock fluid and kept at room temperature for 5 min, and 0.3 ml of the reaction mixture was applied on a column of Sephadex G-25 (8 by 50 mm) which was equilibrated previously with 1.0 X 10-7 M radioactive glucose-i-phosphate in 3.0 mM Tris-chloride buffer, pH 8.2. The filtration was performed with the same radioactive glucose-l-phosphate solution. The filtration profile was presented as radioactivity units. When the binding factor is included in in a sample tested, the profile should give a peak.
Measurement of enzyme activity. (i) A 1-ml amount of the reaction mixture for a-glucosidase (EC 3.2.1.20)
contained: 10 Mumoles of p-nitrophenyl-a-D-glucoside, 100 lmoles of phosphate buffer (pH 7.0), and an appropriate amount of enzyme solution. Reaction was at 30 C for 5 min; the p-nitrophenol formed was then measured by a spectrophotometer. (ii) A 1 -ml amount of reaction mixture for phosphatase contained: 10 ,Mmoles of p-nitrophenylphosphate, 30 jumoles of Tris-chloride buffer (pH 8.2), and an appropriate ACTIVE TRANSPORT OF GLUCOSE-1-PHOSPHATE amount of enzyme solution. Reaction was at 30 C for 10 min; the p-nitrophenol formed was then determined. (iii) The activity of D-glucoside-3-dehydrogenase was estimated by colorimetry with 2, 6-dichloroindophenol as a hydrogen acceptor (5). A 1-ml amount of assay mixture contained: 0.35 jAmole of 2,6-dichlorodindophenol, 100 .moles of phosphate buffer (pH 7.0), 10 y.moles of sucrose, and an appropriate amount of enzyme solution. Reaction was at 20 C for 10 min. One unit of enzyme activity was defined as the amount which catalyzes the reaction of 1 nmole of substrate per min under the above conditions.
RESULTS
Growth on glucose-i-phosphate medium. The growth rate of glucose-i-phosphate is illustrated in Fig. 1 in which doubling time of the bacterium was calculated to be approximately 6 hr. When glucose was used as carbon source for comparison, the doubling time was 80 min. This finding is further evidence for the existence of a transport system for glucose-i-phosphate entry, because the resting cells can oxidize glucose-i-phosphate and accumulate 3-ketoglucose-1-phosphate in high yield: approximately 80% per glucose-i-phosphate consumed by the wild-type strain (3) and 100% by the mutant strain M-25 (S. Fukui and S. Miyairi, unpublished data). The latter strain was characterized as unable to grow on a glucose-I-phosphate medium (Fig. 1) .
Uptake of glucose-l-phosphate into the resting cells. When the rate of uptake of glucose-i-phosphate was presented as uptake of radioactivity, it was observed that the sugar phosphate was linearly transported into the resting cells of the wild-type strain during the 60-min incubation (Fig. 2) . With the mutant strain M-25, a similar curve in the uptake reaction was obtained. Temperature dependency of the uptake reaction is indicated in Fig. 2 ,which shows that the reaction did not take place at 2 C. The inhibitory effect of 2, 4-dinitrophenol also indicated that the reaction was energy-dependent. The intracellular concentration of glucose-i-phosphate in the mutant cells was determined as described above. A main peak of radioactivity in the paper electrophoretic analysis was a glucose-i-phosphate fraction ( (Fig. 4) . The curve of pH dependency gave an optimal pH of 7.6 to 8.8. As seen in Table 1 found that the cells from cultures in the early exponential phase of growth in a glucose-lphosphate medium gave the highest activity ( Table 2 ). The uptake mechanism has an inducible nature ( ", Measurements were made of uptake of radioactivity at a substrate concentration of 1.0 X 10-' M. '[he wild-type strain was used.
b Substrate concentration (radioactive glucose-I-phosphate) was 1.0 X 10-6 M.
" Concentration was 100,Ag/ml. the Methods section, gave 1001', survival, but showed an uptake rate for glucose-i-phosphate lower than that of untreated cells. By addition of the shock fluid to the shocked cells, a partial restoration of the uptake rate was observed (Fig. 5) . Accordingly, it is suggested that the shock fluid contains some factors relating to the glucose-i-phosphate transport mechanism. Existence of a glucose-l-phosphate binding factor in the shock fluid. A glucose-i-phosphate binding activity, measured by equilibrium dialysis against radioactive glucose-i-phosphate, could be demonstrated in the shock fluid prepared from both glucose-i-phosphate and sucrose-grown cells, whereas the binding activity was not demonstrable in the shock fluid of the cells grown in yeast extract medium (Table 3) . These results indicate that formation of the binding factor shows good correspondence to formation of a glucose-i-phosphate transport system in the growing cells.
By filtration through a collodion bag, the binding activity was recovered in both filterable and nonfilterable fractions (Table 3) . By polyacrylamide-gel electrophoresis, the filterable fraction which was concentrated to 100th volume by lyophilization gave a single protein band, whereas eight or nine bands of protein were observed with the nonfilterable fraction (S. Fukui and S. Miyairi, unpublished data). The former fraction did not show any activity of a-glucosidase, phosphatase, and D-glucoside-3-dehydrogenase (Table 3) ; a glucose-i-phosphate binding factor was distinguished from these enzymes which are reactive with glucose-i-phosphate. After equilibrium dialysis, the shock fluid which was prepared from glucose-i-phosphate-grown cells (Table 3 ) was treated in a boiling water bath for 1 min. Paper electrophoresis was then performed to analyze the radioactive compound in the fluid. The migration pattern of radioactivity on the paper showed the presence of a single spot having the same mobility as that of an authentic sample of glucose-i-phosphate. This observation indicated that the degradation of glucose-i-phosphate did not occur during dialysis.
When the equilibrium gel-filtration method was applied, the shock fluid gave a sharp peak in the filtration profile (Fig. 6) . The peak showed complete correspondence with a peak at an optical density of 280 nm. In this experiment, it was found that the binding reaction with glucose-1-phosphate was not inhibited by D-glucose, orthophosphate, or 2,4-dinitrophenol at a concentration of 10-5 M, and the reaction was temperature-independent. Specific radioactivity of 3-ketoglucose-1-phosphate formed from labeled glucose-i-phosphate in the presence and absence of glucose. To obtain direct evidence for the presence of a glucose-iphosphate transport system, specific radioactivity of 3-ketoglucose-1-phosphate which was obtained as an oxidation product from labeled glucose-i-phosphate (glucose-U-14C) by the intact cells was determined and was compared with that of the substrate used. The reaction mixture contained 5 Effects of additions and temperature on the bi,idinig reactioni with radioactive glucose-l-phosphate. The glucose-l-phosphate-biiidintg factor was partially purified from the shock fluid of the wild-type straiii, and its reactivity was measured by the equilibrium gelfiltration method as described in the methods section. Final conceniitrationt of additions was 1.0 X 10-5 ti, anid the factor prepared showed an optical density of 0.22 at 280 nim. Partial purificationt was performed as follows. The In the shock fluid prepared from glucose-iphosphate-grown cells, the existence of a binding factor for glucose-i-phosphate was proved by applying both methods of the equilibrium dialysis and equilibrium gel filtration. However, the binding reaction of the factor with glucose-iphosphate showed a different nature from that of the uptake reaction of the resting cells. For instance, the former was energy-independent, whereas the latter was active. In our previous paper (3), we stated that D-glucose inhibited the transport reaction for glucose-i-phosphate, but in this paper, it was proved that D-glucose does not inhibit the reaction.
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